Abstract-A low power single-ended cross-coupled oscillator (SCO) topology is introduced and the minimum oscillation current is derived from a one port model. The proposed SCO has been fabricated using 0.18 µm CMOS technology. Measurement shows that the phase noise is −103 dBc/Hz at 100 kHz offset from 440 MHz oscillation while dissipating 154 µA of current from a 1.5 V supply.
Having been aggressively scaled down, CMOS technology becomes an attractive choice to implement low-cost integrated wireless transceiver systems. And a low power design is also an important issue for RF transceiver designers considering long operating time.
Most of the previously reported papers about a voltage-controlled oscillator (VCO) using CMOS process have described the differential −G m oscillator topology [1] . However, in case of the singleended transceiver with a monopole antenna, a differential topology is not recommended because of its unnecessary complexity and an additional balun. This balun is usually implemented with passive elements that increase chip size and power loss.
In this letter, a single-ended cross-coupled oscillator (SCO) topology is introduced that is composed of a complementary NMOS and PMOS transistor pair. The PMOS of the SCO operates as an active buffer which constructs a positive feedback path and also increases transconductance. Moreover, since the inductor of the LC resonator provides DC bias path, the SCO does not require an additional circuit for bias. Therefore, the proposed SCO, which is simple and has a complementary structure, is suitable for low noise and low current oscillator design. Figure 1(a) shows the proposed single-ended cross-coupled oscillator (SCO) structure. Since the oscillation frequency and the resonance frequency of the LC resonator are almost same, the smallsignal equivalent circuit to calculate the negative input impedance of the SCO at the oscillation frequency can be represented without the LC resonator as shown in Fig. 1(b) . Here g mn and g mp represent the transconductance of the MOS transistor M 1 and M 2 , respectively. Note that the parasitic capacitors of M 1 and M 2 are ignored for simplicity. An expression for the current that flows into the circuit can be written as
PROPOSED OSCILLATOR
If it is assumed that the transconductances of the both transistors (M 1 and M 2 ) are made identical, then g mn = g mp = g m , and the input impedance is derived from (1) as
From (2), the small-signal equivalent model for Fig. 1(a) is obtained as shown in Fig. 2 . In this circuit, the necessary condition for oscillation is
where R p is the equivalent parallel resistance of the LC resonator. This condition is exactly the same as the conventional differential −G m oscillator [2] . Thus, by using the proposed SCO, the minimum oscillation current can be cut in half, because two amplifiers (PMOS & NMOS) in a positive feedback path share the same DC current. Colpitts oscillator is one of the most widely used oscillators of single-ended type. This has three passive feedback elements (two capacitors and one inductor), and the oscillation frequency is determined by series combination of two capacitors and one inductor. On the other hand, the oscillation frequency of the SCO determined by one capacitor, so that the capacitor size of the SCO can be smaller than a quarter total capacitor size of Colpitts oscillator when the same inductor is used. Aforementioned characteristics can be said not only to the SCO, but also to the differential −G m oscillator [2] .
Furthermore, the voltage swing of the LC resonator in SCO can be larger than supply voltage, since the output voltage can be lower than ground level by the LC resonator inserted. This improves the phase noise performance of the oscillator [3] .
Therefore, the proposed single-ended cross-coupled oscillator can oscillate at ultra low current bias level and have good phase noise performance when a high-Q inductor is used [4] . These are caused by the fact that the complementary structure provides high transconductance (g m total = g mn + g mp ). 
MEASUREMENT RESULT
The proposed low current SCO was fabricated in UMC 0.18 µm process targeting the RF transceiver of the wireless capsule endoscope application. The carrier frequency (440 MHz) of the oscillator is determined as the minimum loss frequency point considering the antenna loss and the loss property of human body, etc. At 440 MHz, a relatively low frequency, the LC resonator of the SCO needs a large inductor (40 nH), together with high-Q factor. Thus, the inductor of the LC resonator is implemented off-chip using Murata LQW15A series. In order to measure the SCO biased with a current source, an output buffer has been adopted. As shown in Fig. 3 , the measured phase noise of the SCO with current of 156 mA at 1.5 V supply is −103 dBc/Hz at 100 kHz offset from the 440 MHz carrier. The calculated figure of merits (FOM) [5] of the oscillator is −182.2 dBc/Hz. 
CONCLUSIONS
A novel single-ended cross-coupled oscillator topology is proposed and the minimum oscillation current condition is analyzed based on the one-port small-signal equivalent model. Considering the simple and complementary structure, the proposed SCO is adequate for designing an ultra low power and low noise oscillator, since it can generate a relatively high negative conductance at low current. The measured phase noise of 440 MHz at 100 kHz offset is −103 dBc/Hz while dissipating only 154 µA of current from a 1.5 V supply.
